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 対流圏界面付近の温度場、東西風をみると、主に 2 種類の周期の東進シグナルが卓越している。１つは 2
週間程度の周期をもつ赤道ケルビン波であり、下部成層圏に流入する水蒸気の脱水メカニズムへ寄与している
ことが指摘されている（Fujiwara et al, 2001）。もうひとつは季節内周期をもつ振動であり、力学場にみられ






 本解析には 1957 年 9 月から 2002 年 8 月の 45 年間について、ECMWF 客観再解析データ（ERA-40）の東
西風と温度場をもちいた。また対流活動の指標として、1979 年から 2002 年までの 23 年間について、NOAA
の OLR データをもちいた。対流圏界面付近に卓越する波数・周波数成分を調べるために 100hPa の温度場に
おいて時空間スペクトル解析をおこなったところ、赤道ケルビン波と季節内周期振動とみられる東進シグナル
のスペクトルピークが得られたことから、赤道ケルビン波と季節内周期振動を抽出するフィルタを作成してグ




図 1 は赤道ケルビン波、季節内周期振動フィルタをほどこして再作成したデータのうち、100hPa における





ち、赤道対流圏内で卓越した変動のひとつである Madden-Julian 振動とよく似ており（cf. Knutson and 
Weickmann, 1987）、関連性が示唆される。 
 図 1 ケルビン波成分(左)、季節内周期振動成分(右)の 100hPaにおける東西風とOLR(季節内周期振動成分のみ)の時間経度断
面図。陰影部は東西風、等値線はOLR(間隔は 8[W/m２］ごと）。ただし負値のみ描いてある。 
 
図 2 東西風 100hPa(左)、OLR(右)における振幅 2 乗値にみられる季節内周期振動活動度の時間経度断面図。等値線間隔は 
2.5[m２/s２](左)、25[W２/m４](右)ごと。 
 
図 3 図 2 に同じ。ただし、ケルビン波活動度の時間経度断面図。等値線間隔は 0.5[m２/s２](左)、5[W２/m４](右)ごと。 
赤道域での大気の運動は、積雲対流活動による潜熱加熱を重要なエネルギー源としていることから、次に対
流活動との位相関係について調べた。図 2 と図 3 は、波動活動度を振幅の 2 乗値と定義し、その気候値の時
間経度断面図を描いたものである。季節内周期振動（図 2）においては、東西風と OLR でみた活動度の時空
間分布がよく対応しており、対流とカップルした季節内周期振動が東進していることが示唆される。また前述
したように Madden-Julian 振動と活動性が似ていることから、対流圏内の東進擾乱は対流圏界面付近まで影










 対流とカップルするケルビン波は発生時、OLR 負域より 20°東側に 100hPa 東風最大域が存在する
(Wheeler et al., 2000)。このため閾値を－2.76951[m/s](－1σ)と設定し、3.1 でもちいたケルビン波のうち振









図 4 赤道ケルビン波の時間経度合成図。波動活動度が閾値(－2.76951[m/s])以下となるケルビン波について、100hPa におけ
る東西風と温度偏差(左)、東西風偏差と OLR(右)を合成した。等値線間隔は 0.5[m/s]ごと。 
さらに、ケルビン波の活動度(図 3 左)と通過数(図 5 左)は、ほぼ対応していることが分かった。西半球 120°
W から 0°W の 6 月から 11 月にはほとんどケルビン波は通過しておらず、ケルビン波は伝播しにくい領域で
あることが示唆される。また発生数(図 5 右)をみると、西半球で活動度が大きい領域のうち、5 月から 7 月に
は東半球から伝播しているのに対して、1 月から 3 月には東半球からの伝播はみられず、比較的近接の場所で
ケルビン波が発生している。東半球は一年を通じて活動度が大きく、60°E 付近で活動度のピークをもつケル
ビン波は、発生数との比較から、50°W から 50°E（西太平洋から西インド洋）で発生していることがわか
る。また 100hPa 東西風(図 6 左)をみると、東風領域が 120W 付近まで東にのびる北半球夏季には、ケルビン
波の通過数の多い領域もより東にのびている。つまり、ケルビン波発生時から背景風が東風の領域であること
が、ケルビン波の通過数に影響し、活動度に影響を与えていると考えられる。さらにケルビン波の振幅値(図 6
右)をみると、2 月 90°E、6 月 60°E、11 月 60°E 付近をピークにもつ活動度が大きい領域は、2 月 90°E
付近にみられるケルビン波に比べて他の 2 つの領域にみられるケルビン波は、通過数は約 10％多く、振幅は
約 10％小さいことから、2 月 90°E 付近にみられるケルビン波は、比較的振幅が大きいことが分かった。 
 
 
図 5 東西風 100hPa にみられるケルビン波の通過数(左)と発生数(右)。 
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Space-time variations of Equatorial Kelvin Wave Activity and 
Intraseasonal Oscillation around the tropical tropopause region 
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Space-time variations of the temperature and the zonal wind around the tropical tropopause region 
are examined using the European Centre for Medium-Range Weather Forecasts (ECMWF) Re-Analysis 
data set (ERA-40). The spectral analysis is performed to calculate power spectra in the zonal wavenumber 
and frequency domain for the zonal wind data. Two spectral peaks are found: one is in a region with 
frequency 0.035-0.25 [1/day] and zonal wavenumber 1-10 for the Kelvin wave, and the other in a region 
with frequency 0.011-0.035 [1/day] and zonal wavenumber 1-10 for the Intraseasonal Oscillation (ISO). 
On the basis of these frequency-wavenumber domains the grid data are reconstructed to represent Kelvin 
wave and the ISO activities, and the variances are calculated from the gridded data to see space-time 
variations of the Kelvin wave and the ISO. The ISO activity is clearly related to the eastward propagating 
convections, though the Kelvin wave activity is organized around 60°E (the western Indian Ocean) 
throughout the year. We selected Kelvin wave events from the reconstructed zonal wind data with a 
threshold of -2.938 [m/s] to see the life cycle of the Kelvin waves. Kelvin waves with high activity around 
60°E begin mostly around 30°W to 60°E and disappear around 60°E to 150°E. By performing the 
composite analysis for the Kelvin wave events we found that the Kelvin wave generation is closely coupled 
with the convective event, though the area of the Kelvin wave generation does not correspond to the active 
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1.   INTRODUCTION 
Many types of the atmospheric waves with various periods and wavenumbers are found around 
tropics. The latent heat release due to evaporation in deep convections is an important energy source for 
these waves. Among them the Kelvin wave is one of the most dominant equatorial waves. In the 
stratosphere, the Kelvin wave has been mainly studied for understanding mechanisms of the Quasi-Bienniel 
Oscillation (QBO) and the Semi-Annual Oscillation (SAO) from the view point of its possible transport of 
momentum. In the troposphere, the Kelvin wave is assumed as a convectively coupled wave and is detected 
in the wavenumber-frequency spectra of tropical clouds using the outgoing longwave radiation (OLR) data 
(Wheeler el al., 2000). They specified the wavenumber and frequency domains of the Kelvin wave under 
the linear theory for zonally and vertically propagating equatorial waves. In the tropical tropopause region, 
a transition layer between the troposphere and the stratosphere, it is emphasized that the Kelvin wave plays 
a critical role in mixing and possible exchanges between the troposphere and the stratosphere (Fujiwara et 
al., 1998). Moreover there is another eastward propagating signal with different periodicity. Eguchi and 
Shiotani (2004) investigated distributions of meteorological fields associated with the Intraseasonal 
Oscillation (ISO) using satellite data. However, Kelvin wave and ISO activities around the tropopause have 
not been clearly ducumented in view of the global and seasonal characteristics with use of the long term 
data. In this study we will investigate these activities on the basis of the European Centre for Medium-
Range Weather Forecasts (ECMWF) Re-Analysis data set (ERA-40). 
 
2.     DATA AND METHODOLOGY 
Two datasets are utilized in this study: European Centre for Medium-Range Weather Forecasts 
(ECMWF) Re-Analysis (ERA-40) data and OLR data from the National Oceanic and Atmospheric 
Administration (NOAA) polar-orbiting satellites. In order to investigate signals in the dynamical fields, we 
used the ERA-40 data that is available on a 2.5° ×2.5° grid and every 6 hours over the period from 
September 1957 to August 2002. The OLR data are available on a 2.5° ×2.5° grid over the period from 
January 1979 to August 2002, and used as a proxy of convective activity. 
Because the Kelvin wave has a symmetric structure about the equator, antisymmetric-symmetric 
decomposition is used for the data; the gridded field as a function of latitude, φ, can be written as OLR(φ) = 
[OLRA(φ) + OLRS(φ)]. where OLRA(φ) = [OLR(φ) – OLR(-φ)]/2 is the antisymmetric component, and 
OLRS(φ) = [OLR(φ) + OLR(-φ)]/2 is the symmetric component (Wheeler and Kiladis, 1999). Then, the 
space-time spectral analysis is performed to calculate power spectra in the zonal wavenumber and 
frequency domain. These are averaged over the latitudes between 15°S and 15°N. In order to see features 
about Kelvin waves in the zonal wavenumber and frequency domain, power spectra calculated from 
symmetric data (hereafter symmetric power spectra) are divided by those calculated from the original data 
(hereafter background power spectra). Since the raw but unfiltered power spectra have large estimated 
errors especially in high frequency, the power spectra are smoothed with a 1-2-1 filter. 
 
3.    RESULTS 
3.1.    Power spectra 
Figure 1 shows a contour plot of the symmetric power spectra divided by the background power 
spectra for the zonal wind field at 100 [hPa] around the tropical tropopause region. There exist two strong 
powers in the eastward propagating signals. One has zonal wavenumbers from 1 to 4 and frequencies from 
0.011 to 0.035 [1/day], and the other has wavenumbers from 1 to 10, frequencies from 0.035 to 0.25 
[1/day]. The equivalent depth which can be transformed into phase speed is also plotted. Additionally, by 
executing the wavenumber-frequency cross-spectral analysis between zonal wind and temperature at 100 
[hPa], we found the phase for the temperature field precedes that for the zonal wind about 90° (not shown). 
This result consists with the theoretical structure of the Kelvin wave. The ISO spectral peak has a period 
close to the Madden-Julian oscillation (MJO). The MJO is an eastward moving system with a period 
around 35 – 95 [day] (Hendon and Salby, 1994) in the troposphere. The ISO peak suggests that the MJO 
influences dynamical fields around the tropopause region. 
 
Figure 1. Zonal wavenumber-frequency plot for the symmetric zonal wind power spectra divided by the 
background power spectra averaged over the latitudes between 15°S and 15°N at 100 [hPa]. Contour 
interval is 0.1. Shading is also incremented in a step of 0.1. 
 
3.2.   Wave activities 
Gridded data are restructured as representing space-time variations of the Kelvin wave (hereafter 
Kelvin wave data) and the ISO (thereafter ISO data) using the FFTs and the inverse FFTs for the spectral 
regions mentioned above. Figure 2 shows Hovmöller diagrams (time versus longitude plot) for the 
restructured zonal wind data at 100hPa and OLR data averaged over the latitudes 15°S and 15°N in 1990. 
This year is recognized as a normal one from the view point of the ENSO cycle. Eastward propagation is 
clearly seen throughout the year especially in the eastern hemisphere during the northern winter. The 
Kelvin wave signal prevails more uniformly, but the amplitude is smaller than that of the ISO. Since the 
eastward propagating signals of easterly (westerly) wind anomalies are in-phase with the negative 
(positive) OLR anomalies for the ISO, almost all the signals are recognized as being convectively coupled 
systems. The phase speed increases, and the amplitude is reduced in the western hemisphere. These 
features are similar to those of the MJO (e.g. Hendon and Salby, 1994). For the Kelvin wave, however, it 
does not seem to be clearly related to the convectively coupled system. 
 Figure 2. Longitude-time section of the Kelvin wave and ISO filtered zonal wind anomaly (shading) and 
OLR anomaly averaged between 15°S and 15°N in 1990. Contour intervals are 8.0 [W/m2]. 
3.2.1    ISO activities 
Figure 3 shows time-longitude section of climatological ISO activity as represented by the square 
amplitude calculated for each month and longitude grid. The amplitudes are averaged over the latitudes 
between 5°S and 5°N for the zonal wind field at 100 [hPa] (top) and for the OLR (bottom). The ISO 
activity in the zonal wind field has an annual maximum during the northern winter and May with large 
values on the eastern hemisphere, especially around 130°E. These spatial and temporal variations agree 
closely with those of deep convection activity inferred from the OLR data, and they might be related to the 
annual variation of the MJO (Jones et al., 2004). This suggests the most of the ISO signals are coupled 











Figure 3. Time-longitude section of ISO activity for the zonal wind field at 100 [hPa] (above) and OLR 
(bottom) described as the squared amplitude averaged over the latitudes between 5°S and 5°N. For the 
upper figure contour interval is 2.5 [m2/s2] and shading levels are 15.0, 20.0, 25.0 and 30.0 [m2/s2]. For the 






Figure 4. Same as Figure 3 but for Kelvin wave activity. Contour interval is 0.5 [m2/s2] and shading 
levels are 5.0, 6.0, 7.0 and 8.0 [m2/s2]. 
 
3.2.2.    Kelvin wave activities 
 Figure 4 shows time-longitude section of Kelvin wave activity averaged over the latitudes 
between 5°S and 5°N for the zonal wind field at 100 [hPa]. Annual maxima are seen in January to March 
and May to August. The most active region throughout the year is located in the eastern hemisphere, 
especially around 60°E. Of most relevance for the propagation of the Kelvin wave is the presence of zonal 
wind flow from the source region to the arrival region. The eastern hemisphere is a good condition for the 
propagation of Kelvin wave, because there are easterly winds between the upper troposphere and the cold 




3.2. Composite analysis for Kelvin wave 
In order to investigate signatures of the Kelvin wave life cycle, we defined the start location and 
the end location of the Kelvin wave event in the zonal wind where the anomaly becomes below –2.9376 
[m/s] for about 45 years, and found there are 2715 Kelvin wave events. Figure 5 shows the Kelvin wave 
activity in a solid line, the accumulated number of the start point in a dotted line, and that of the end point 
in a chain line. Kelvin wave activity has two maxima around 60°E and 150°E. The number of the start 
point has maxima around 60 degrees west of the activity maxima, and that of the end point has a peak 
around 30 – 50 east of that. The peak of the start point is sharper than that of the end point. This suggests 
the Kelvin waves appear around 0°E and propagate eastward with the maximum amplitude around 60°E, 
and then they disappear around 120°E. We are able to refer to the westerly wind area in the western 











Figure 5. Longitude structure of event number and activity for the Kelvin wave at 100 [hPa]. The Kelvin 
wave activity is drawn in a solid line, the accumulated number of the start point in a dotted line, and that of 
the end point in a chain line.  
 
Figure 6 show longitude-time sections of the composite zonal wind anomaly (contours), 
temperature anomaly (above; shading of blue color) at 100 [hPa], and total OLR (bottom; shading of red 
color). All diagrams are drawn by use of the unfiltered data. The eastward propagating signals in the zonal 
wind and temperature agree with the theoretical structure of the Kelvin wave, because a phase for the 
temperature field precedes that for the zonal wind about 90°. It is consistent with the result of the spectral 
analysis that the propagation speed is about 29 [m/s]. The amplitude in zonal wind filed is around 6.5 [m/s] 
as peak-to-peak, and it is equivalent to 10.56 [m2/s2] in variance. The beginning of the wave event has 
about a -4 day lag. Since the local convections affect the composite Kelvin wave, the signals disappear in 
the east of around 60 to 120 [degree] in +10 day lag. The lifetime of the Kelvin wave can be assumed about 















Figure 6. Longitude-time sections of composite zonal wind anomaly [m/s] (contours), temperature 
anomaly [K] (shading of blue color) and total OLR [W/m2] (shading of red color). Contours intervals are 
0.5 [m/s]. 
4.    SUMMARY 
 We have conducted the spectral analysis to investigate characteristics of the disturbances in the 
zonal wind field at 100 [hPa] around the tropical tropopause. From the wavenumber-frequency structure, 
two spectral peaks are evidently separated each other. We have identified the peaks as the Kelvin wave and 
the ISO, based on their frequencies, zonal wavenumbers and equivalent depths. It is found that the 
horizontal distributions of the Kelvin wave and ISO activities are higher during northern winter and in the 
eastern hemisphere. In the ISO data, the eastward propagating signals in the zonal wind field are clearly 
coupled with convective activity, and the space-time signatures are consistent with the MJO. In order to see 
the relationship between the Kelvin wave and convection, we have selected 2715 cases as the Kelvin wave 
events and made a composite analysis. The lifetime of Kelvin wave is about 16 days, and the phase speed 
of the wave is approximately 29 [m/s]. The structure in composited fields clearly agrees with the theoretical 
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